Synopsis Evolutionary changes in Astyanax mexicanus cavefish with respect to conspecific surface fish, including the regression of eyes, loss of pigmentation, and modification of the cranial skeleton, involve derivatives of the neural crest. However, the role of neural crest cells in cavefish evolution and development is poorly understood. One of the reasons is that experimental methods for neural crest analysis are not well developed in the Astyanax system. Here we describe neural crest transplantation between Astyanax surface fish and cavefish embryos. We found differences in the migration of cranial neural crest cells transplanted from the surface fish anterior hindbrain to the same region of surface fish or cavefish hosts. Cranial neural crest cells migrated extensively throughout the head, and to a lesser extent the trunk, in surface fish hosts but their migration was mostly restricted to the anterior and dorsal head regions in cavefish hosts. Cranial neural crest cells derived from the surface fish transplants invaded the degenerating eyes of cavefish hosts, resulting in increased eye size and suggesting that cavefish neural crest cells are defective in forming optic derivatives. We found that melanophores were formed in albino cavefish from grafts of surface fish trunk neural crest cells, showing that the cavefish tissue environment is conducive for pigment cell development, and implicating intrinsic changes in cavefish neural crest cells in loss of body pigmentation. It is concluded that changes in neural crest cells play key roles in the evolution of cavefish development.
Introduction
The evolution of vision and coloration were significant innovations in animals living on the earth's surface. When surface dwelling animals invade dark habitats, their descendants tend to lose their eyes and pigmentation. The absence of eyes and pale skin are characteristics of cave adapted species (Culver and Pipan 2009; Protas and Jeffery 2012) . Although scientific interest in cave dwelling animals has a long history, knowledge of the developmental and evolutionary mechanisms responsible for the loss of eyes and pigmentation is still incomplete. The teleost Astyanax mexicanus is a powerful model for investigating the evolutionary changes related to cave adaptation (Jeffery 2001; Gross et al. 2015) . This species consists of two forms: an eyed and pigmented surface fish and multiple populations of cavefish with reduced eyes and pigmentation.
Cavefish initially form eye primordia with a lens and optic cup, although both structures are smaller than their surface fish counterparts (Jeffery 2009 ). The first sign of eye degeneration is apoptosis of the lens, which is followed by localized cell death in the retina, disorganization of the retinal layers, and arrest of optic growth. In addition to the lens and retina, other optic tissues fail to develop or are modified in cavefish. The cornea, iris, and ciliary body do not differentiate, probably due to lack of induction by the dysfunctional lens (Yamamoto and Jeffery 2000; Strickler et al. 2001) . Although cavefish form a cartilaginous sclera, it differs from the surface fish sclera in not completing ossification (Yamamoto et al. 2003; O'Quin et al. 2015) . The arrest of optic growth causes the degenerating cavefish eyes to sink into the orbits and become internalized during larval development.
The loss of melanin pigmentation in cavefish occurs by a process that is genetically distinct from eye degeneration (Jeffery et al. 2016) . Some cavefish populations develop reduced numbers of lightly pigmented melanophores (Gross et al. 2009 ), whereas others lose all melanin pigmentation (Protas et al. 2006) . Mutations in the mc1r gene are responsible for decreased coloration and reduction of melanophores in some cavefish populations (Gross et al. 2009 ), whereas mutations in the oca2 gene, which controls the first step of melanin synthesis, is responsible for albinism (Protas et al. 2006) . In contrast to eyes, cell death is apparently not responsible for the loss of melanophore precursors, which remain detectable throughout development by their ability to convert exogenous L-DOPA into melanin (McCauley et al. 2004) .
Astyanax cavefish also show constructive changes related to cave adaptation (Jeffery 2001) . They have large oral jaws with more taste buds and teeth (Yamamoto et al. 2003 (Yamamoto et al. , 2009 Atukorala et al. 2013) , enhanced numbers of larger cranial neuromasts (Yoshizawa et al. 2010 (Yoshizawa et al. , 2012 , and more catecholamine-producing cells in their adrenal kidneys than surface fish (Biland zija et al. 2013) . A connecting thread is revealed by comparing the different cell, tissue, and organ types showing constructive and regressive changes in cavefish: most of them either are, or include, derivatives of the neural crest.
The neural crest is a multipotent group of ectodermal stem and progenitor cells, which ingress in an anterior to posterior progression from the developing neural tube, migrate extensively through distinct pathways in the embryo, and differentiate into diverse derivatives, including body pigment cells, the cranial and pharyngeal skeleton, parts of the cornea, iris, choroid, and sclera of the eyes, and the adrenal glands (Le Douarin and Kalcheim 1999) . Both intrinsic programming of cell fates and extrinsic instructions from the surrounding tissue environment are important in regulating neural crest cell differentiation (Kelsh and Erickson 2013) . Despite the predicted roles of neural crest cells in constructive and regressive changes, only a single previous study has been conducted on the cavefish neural crest. McCauley et al. (2004) showed that migratory trunk neural crest cells give rise to the precursors of melanophores in cavefish, although they do not undergo final differentiation. Thus, cavefish could be defective in intrinsic neural crest fate determination and/or in the establishment of a supportive tissue environment for neural crest cell migration and differentiation.
In this investigation we have developed a transplantation method to address the role of neural crest cells in cavefish development. We describe the successful transplantation of cranial and trunk neural crest between the two forms of Astyanax. Although the migration of cranial neural crest cells was more limited in cavefish than in surface fish hosts, they invaded the degenerate eyes, resulting in an increase in eye size and implicating the cavefish neural crest in the regressive optic phenotype. We also found that trunk neural crest cells derived from surface fish donors can differentiate into melanophores in cavefish hosts, revealing an extrinsic tissue environment conducive for their maturation and indicating that defective pigmentation must be caused by a modification in the intrinsic programming of cavefish neural crest cells. We conclude that neural crest cells have important roles in regulating evolutionary changes in cavefish development.
Materials and methods

Biological materials
The Astyanax surface fish and Pach on cavefish used in this investigation were derived from laboratory stocks collected at Nacimiento del Rio Choy, San Luis Potosi, Mexico or Balmorhea Springs State Park, Texas and Cueva de Pach on, Tamaulipas, Mexico, respectively. Adult fish were maintained in a running water system at 23 C on a 14-hr light and 10-hr dark photoperiod . Surface fish and cavefish embryos spawned naturally at different times during the dark cycle of the photoperiod. To synchronize their development, embryos were raised at different temperatures, 23˚C for surface fish and 25 C for cavefish, until they reached the same developmental stage, and afterward were cultured at the same temperature (21˚C). Larvae were fed brine shrimp beginning at 7 days post-fertilization (dpf), and adults were fed TetraMin Pro flakes (Tetra Holding Inc, Blacksburg, VA, USA). Methods for fish handling conformed to National Institutes of Health guidelines and were approved by the University of Maryland Animal Care and Use Committee.
Neural crest transplantation
For cranial neural crest transplantation, larvae at $2 dpf were washed for 30 min in calcium-free zebrafish ringer (CFZFR: 116 mM NaCl, 2.9 mM KCl, 10 mM 4-(2-hydroxylethyl)-1-piperazineethanesulfonic acid, pH 7.2) containing 0.2% ethylenediaminetetraacetic acid to loosen tissue connections, rinsed in CFZFR (40˚C), and embedded in 1.2% agar in CFZFR (40˚C) Jeffery 2000, 2002) . After cooling to room temperature, the agar was cut into blocks containing individual larvae. The operations (Fig. 1A) were done with sharp tungsten needles on agar blocks arranged side by side in CFZFR. The donor tissue was removed from a region above the dorsal hindbrain facing the diamond-shaped fourth ventricle and labeled by three 30-s rinses with 40 mg/ mL DiI (1, 1 0 -dioctadecyl-3, 3, 3 0 , 3 0 -tetramethylindocarbocyanine, Thermo Fisher Scientific, Waltham, MA, USA) dissolved in 92% dimethyl sulfoxide (Sigma Aldrich, St. Louis, MO, USA). The stained donor tissue ($50 mm in diameter) was then inserted into a slot made with a sharp tungsten needle in approximately the same region of the hindbrain in a donor embryo. Sham-operated controls were done by making a slot above the host hindbrain in the same region as the transplant but without inserting a piece of tissue. The transplant containing and shamoperated larvae were removed from the agar blocks, Neural crest in cavefish development 413 allowed to recover in zebrafish ringer solution for 1 h at 22˚C, and then reared in standard fish conditioned water (pH 7.0, conductivity 600 mS/cm, and 21˚C).
To transplant trunk neural crest cells, neural tubes were isolated from surface fish embryos during the somite stages (Fig. 1B) . The embryos were dechorionated manually and dissociated into parts by treatment with 0.25% pancreatin (Sigma-Aldrich), as described by McCauley et al. (2004) . Using tungsten needles, the top quarter of the neural tube from an area above the yolk mass was excised and cut into pieces. The pieces were labeled with DiI as described above, and grafted into a slot cut with a tungsten needle in the dorsal midline between somites 3 and 5 of dechorionated cavefish host embryos of similar age to the donors. During the grafting step the cavefish host embryos were embedded in agar blocks and otherwise treated as described above.
Microscopy, measurements of eye size, and sectioning
Larval fish containing neural crest transplants and sham operated controls were anesthetized with 2 mg/ mL tricaine (Western Chemical Inc., Ferndale, WA, USA) and viewed with an Axio Zoom.V16 microscope equipped with an AxioCam HRc digital camera (Carl Zeiss Microscopy GmbH, Jena, Germany). The eyeball and lens diameters were measured on digital images using Zeiss AxioVision software (Carl Zeiss Microscopy GmbH, Jena, Germany) and standardized by measuring lengths from the anterior tip of the rostrum to the posterior tip of the larval tail. For sectioning, specimens were fixed with 4% paraformaldehyde in PBS overnight at 4˚C, embedded in TissueTek O.C.T. Compound (VWR International, Radnor, PA, USA), and stored frozen (À20 C). Sections were prepared at 15 mm thickness using a Leica CM series cryostat (Leica Biosystems, Buffalo Grove, IL, USA). DiI signals were imaged as described above.
Statistical analysis
Statistical analyses using the Mann-Whitney U test and correlation analyses were performed with IBM SPSS 24.0.0.0 software (IBM, North Castle, NY, USA).
Endogenous neural crest cell tracking
Endogenous neural crest cells were tracked by DiI labeling. For DiI injection, surface fish or cavefish larvae were collected at 5-6 dpf and embedded in 1.2% agar in fish conditioned water (40˚C, pH 7.0, 700 mS/cm). After cooling to room temperature, $50 nL of 40 mg/mL DiI dissolved in 92% dimethyl sulfoxide was injected into the left dorsal neural tube at the level of lower rhombic lip to label neural crest cells. Control embryos were prepared by injecting DiI into the dorsal skin at the same axial level. Experimental and control fish were raised until 7-9 dpf and then anesthetized in ice-cold 67 mg/mL tricaine in conditioned water. Incorporated DiI was visualized with a fluorescence microscope (BX61WI Olympus microscope) with Â5 MPlanFL N lens, a rhodamine filter set, and an ORCA-Flash4.0 digital camera.
Results and discussion
Neural crest transplantation Figure 1A ,B illustrates the methods used to transplant pre-migratory cranial and trunk neural crest between surface fish and cavefish embryos. Transplantation of cranial neural crest cells from the anterior hindbrain region of surface fish donors to the same region of cavefish hosts resulted in detection of DiI labeled cells on both sides of the dorsal midline at 6 dpf ( Fig. 1C-H) . Transplantation of trunk neural crest from the anterior somite region of surface fish donors into the same region of cavefish hosts resulted in detection of Dil labeled cells in the lateral trunk and yolk epithelium at 2-3 dpf (see Fig. 4F-I ). The dispersal of labeled cells from the grafts indicates that donor premigratory neural crest cells continued to develop and became migratory in both kinds of transplantation experiments. The role of neural crest cells in cavefish development is understudied because appropriate methods have not been previously available for experimental analysis. The development of transplantation methods will help fill this gap by providing a procedure in which neural crest cells can be exchanged between surface fish and cavefish embryos.
Neural crest cells ingress and migrate along the anteroposterior axis throughout the period of neural tube formation and development. Although we have followed the fates of hindbrain and trunk neural crest cells, our method is likely to be useful in studying neural crest development along the entire anteroposterior axis. Therefore, in future experiments, we can address the involvement of different lineages of neural crest cells in constructive and regressive changes in cavefish, the effects of exchanging lineages in the two forms of Astyanax, and the rescue of modified cavefish traits by introducing neural crest cells from surface fish donors into cavefish hosts, as exemplified below for eyes and pigmentation.
Surface fish cranial neural crest cell migration in surface fish hosts
We employed transplantation (Fig. 1A) to infer the pattern of cranial neural crest cell migration in Neural crest in cavefish development 415 surface fish hosts. In these experiments, transplantation was carried out at $2 dpf and the results were determined at 4 dpf. DiI labeled neural crest cells originating from the donor grafts were detected in the head and trunk of the surface fish hosts ( Fig. 2A-I) . The results were similar in all surface fish hosts. One group of labeled cells was concentrated in the developing nasal area anterior to the graft ( Fig. 2A-H) , suggesting that cells migrated around the eyes into the region of developing olfactory primordia. A second group of labeled cells was detected posterior and ventral to the eyes in the region of the developing mouth and pharyngeal arches ( Fig. 2A-H) , suggesting that these cells migrated posteriorly around the eyes into ventral regions of the head. DiI labeled cells were observed immediately around the pigmented edges the eyes ( Fig. 2A-H) . In some transplantations, a few DiI labeled cells were also scattered within the eyes (Fig. 2B, F) but in others the eyes were devoid of labeled cells (Fig. 2D, H) . The role of the developing eyes in channeling cranial neural crest cell migration has been described previously in zebrafish embryos (Langenberg et al. 2008) . A third group of DiI labeled cells was detected immediately posterior to the graft with some cells accumulating near or within the developing otic vesicle ( Fig. 2A-H) . Lastly, in one of the hosts, a few DiI labeled cells were located at distant sites in the trunk posterior to the original graft. The latter cells were distributed along horizontal rows, suggesting an association with the developing lateral line (Fig. 2Ia-c) .
Cranial neural crest cells migrate over long distances in spatially ordered waves that eventually target stereotypic regions of the head (Kulesa et al. 2010) . Fate mapping experiments in zebrafish and other vertebrates have shown that neural crest cells migrating from the hindbrain contribute primarily to the pharyngeal skeleton (Schilling and Kimmel 1994) , whereas diencephalic and mesencephalic neural crest cells migrate into the more anterior parts of the cranium (Wada et al. 2005) . Assuming a similar fate map in Astyanax, the first few pharyngeal arches would be expected destinations for neural crest cells derived from rhomdomeres of the anterior hindbrain. Consistent with this expectation, some of the neural crest cells migrated into the area of the developing pharyngeal arches in our transplantation experiments ( Fig. 2A-H) . However, the olfactory area, the otic area, and rarely the distal trunk were also populated by DiI labeled cells originating from the grafts.
The plasticity of cranial neural crest cells probably explains the broad pattern of neural crest cell distribution in surface fish hosts. The grafts are a source of additional cranial neural crest cells that amplify those already present in host embryos. In chick embryos, hindbrain-derived neural crest cells are re-routed in novel directions when they encounter physical barriers or pathways that are already saturated with endogenous neural crest cells (Kulesa and Fraser 2000) . Re-routing, however, is unlikely to account for the appearance of cranial neural crest cells in distant parts of the trunk (Fig. 2Ia-c) . In zebrafish, cranial neural crest derived glial cells migrate posteriorly along the lateral line nerve, a cranial placode derivative (Gilmour et al. 2002) . Thus, the best candidates for DiI labeled cells in the trunk are glial cells associated with the lateral line nerve.
Surface fish cranial neural crest cell migration in cavefish hosts
We next transplanted pre-migratory cranial neural crest from the anterior hindbrain of surface fish donors into the same region of cavefish hosts. The transplantations were done at $2 dpf and Dil labeled cells were assayed at 4 dpf and later stages of cavefish development. Differences were seen in the distribution of surface fish neural crest cells in cavefish (Fig. 2J-Q) relative to surface fish hosts ( Fig. 2A-I ). First, DiI labeled cells were concentrated mainly in the dorsal regions of the cavefish head and tended to be excluded from the anterior and ventral regions, including the pharyngeal arches. Second, in most surface fish to cavefish transplantations DiI labeled cells accumulated within and around the degenerating cavefish eyes (Fig. 2M , O, Q; see also Fig. 1H ). The following control experiments were performed to substantiate these results. In the first control, neural crest was transplanted from surface fish donors into cavefish hosts and the distribution of DiI labeled cells was compared on the left and right sides of the head. Both sides of the cavefish head showed that same dorsal restrictions of DiI labeled cells (Fig. 2R-U) . In the second control, cranial neural crest was transplanted from cavefish hosts into the same position in cavefish donors, and dorsal restriction of DiI labeled cells originating from cavefish was also observed (Fig. 2V-Y) . In cavefish to cavefish transplantations, DiI labeled cells were also seen in the degenerating eyes (Fig. 2W,Y) . In the third control, the endogenous distribution of cranial neural crest cells in surface fish and cavefish embryos was determined by DiI labeling (Supplementary Fig. S1 ). In surface fish, cranial neural crest cells migrated throughout the dorsal part of the head and invaded the developing eyes ( Supplementary Fig. 1C-H) . In cavefish, cranial neural crest cells were fewer in number and showed a more dorsally restricted distribution than surface fish cranial neural crest cells, although they also invaded the eyes ( Supplementary  Fig. 1G-N) .
Several conclusions can be made from these experiments. First, there are differences between the migratory behaviors of endogenous and grafted cranial neural crest cells involving their tendencies to invade the eyes and their distributions in the head, including the ventral cranial regions. The possible explanations for these differences are that migratory behaviors could vary at different times of development and/or that grafted neural crest cells may be excluded from pathways that are already occupied by endogenous neural crest cells and as a consequence distribute more broadly. Second, there may be fewer cranial neural crest cells in cavefish than in surface fish, and their migration (except for into the eyes) may be more limited. The latter conclusion, which is supported by transplantation as well as endogenous neural crest tracking experiments, could be explained by differences in both intrinsic and extrinsic programs for cavefish cranial neural crest development.
Surface fish cranial neural crest cells rescue cavefish eye size
The results described above prompted further investigation into the contributions of DiI labeled cells to the degenerating cavefish eyes. At 8 dpf and 14 dpf, Dil labeled cells originating from neural crest grafts were still detectable in the dorsal part of the cavefish head and eyes (Fig. 3A-C) . To determine the effects of surface fish neural crest cells on eye size, eye diameters were measured in transplant and control hosts at 14 dpf (Fig. 3C,D) . The mean eye size of cavefish hosts with transplanted surface fish neural crest was significantly larger than the eye size of sham operated controls (Fig. 3E) . Moreover, the number of DiI cells in the eyes of 14 dpf cavefish hosts was positively correlated with the increase in rostral-caudal and dorso-ventral eye diameters (Fig. 3F,G,I ) but not with lens diameters (Fig.  F,H) . The results suggest that the outer layers of the eyes are enlarged in cavefish hosts as a consequence of the incorporation of neural crest cells originating from the surface fish graft.
At 2-months post-fertilization, DiI labeled cells were still seen in the eyes of cavefish hosts containing surface fish neural crest transplants (Fig. 4A-E) . Some of the Dil labeled cells were probably iridophores, based on their reflection of light in bright Neural crest in cavefish development 417 field microscopy, but others appeared to be incorporated into deeper layers of the eye, exclusive of the lens (Fig. 4A,B) . The 2-month old cavefish hosts were sectioned through the eyes to determine the location of the Dil labeled cells. The results showed that DiI labeled cells were incorporated in the regions surrounding the eyes, presumably corresponding to the choroid and sclera, and also into the retinal layers (Fig. 4D,E) . None of the neural or glial cells forming the retinal layers are known to be neural crest derivatives. An intriguing possibility, however, is that the invasive neural crest cells may be retinal pericytes (or their precursors), which normally line the choroid and retinal blood vessels of the eye and are the only known neural crest derivative in the retina (Trost et al. 2013 ). The eyes and body grow in concert during the larval and adult life of teleosts (Fernald 1990 ). However, the increase in cavefish body size greatly exceeds the growth of the eyes, which arrest only a few days after fertilization (Jeffery 2009 ) and lack, or have extensively modified, the neural crest derived cornea, iris, and sclera. In addition to forming many of the tissues of the vertebrate head, cranial neural crest cells are known to be strong inducers of head structures produced by other germ layers (Schneider and Helms 2003; Le Douarin et al. 2012) . Thus, it is probably not only the invasion of neural crest cells from the graft, but also the ability of these cells to induce the activity of other cells, that increases eye size. Our results are consistent with the hypothesis that alterations in cranial neural crest cells are important factors in cavefish eye loss.
Surface fish trunk neural crest produces body pigmentation in cavefish hosts
A procedure similar to cranial neural crest transplantation was used for transplanting trunk neural cells from surface fish donors to cavefish hosts (Fig. 1B) . In 3-dpf cavefish hosts, Dil labeled cells were distributed throughout the mid-portion of the trunk, and were concentrated in the yolk epithelium (Fig. 4F-I ), a site in which endogenous trunk neural crest cells have been tracked in surface fish and cavefish embryos by DiI labeling and where body melanophores appear during surface fish development (McCauley et al. 2004 ). In addition, the trunk neural crest transplantations revealed that melanophores labeled with DiI are present in the yolk epithelium of the cavefish hosts ( Fig. 4G-I ). Melanin containing pigment cells are normally not found in the body (or eyes) of Pach on cavefish, which are albinos (Protas et al. 2006; Jeffery et al. 2016) . Therefore, DiI labeling of body melanophores in cavefish hosts implies that trunk neural crest cells arising from the surface fish graft were able to differentiate in the cavefish tissue environment.
The results of trunk neural crest transplantations are pertinent to whether the cavefish tissue environment in which neural crest cells migrate and differentiate is normal or defective. The appearance of DiI-labeled melanophores in the yolk epithelium suggests that the cavefish tissue environment is indeed conducive to the migration and differentiation of melanophores, and that the loss of melanin pigmentation must be due to changes in intrinsic differentiation/maturation mechanisms of cavefish melanogenic trunk neural crest cells. This conclusion is consistent with the identification of oca2, which is expressed in migratory neural crest cells (Biland zija et al. 2013) , as the mutated gene responsible for cavefish albinism (Protas et al. 2006 ).
Conclusions and prospectus
We have developed an effective means for exchanging neural crest cells between surface fish and cavefish embryos and used these methods to demonstrate that surface fish neural crest transplantation can affect cavefish development, thus implicating neural crest cells as key agents in cavefish eye and pigment regression. The use of transplantation will facilitate further studies to elucidate the functions of the neural crest in generating the evolutionary changes in cavefish development.
